ABSTRACT Hybrid precoding has been regarded as a promising technology for millimeter-wave (mmWave) massive multiple-input multiple-output (MIMO) systems due to the low hardware cost and power consumption. This paper focuses on digital and analog codebooks design to efficiently quantize the hybrid precoders with arbitrary-resolution analog phase shifters in frequency-division duplex systems. We formulate the codebooks design as a joint optimization problem and propose an iteration algorithm to obtain the enhanced codebooks based on dictionary learning methods. Moreover, this paper shows that the optimal precoders for all data streams exhibit a hidden joint sparsity structure caused by the limited number of scattering clusters with low angular spreads of mmWave MIMO channels. Exploiting the structure, a jointly sparse precoding is proposed as the pursuit method for the proposed codebooks design algorithm. The simulation results demonstrate that the near-optimal performance can be achieved by the joint utilization of the proposed hybrid precoding algorithm and codebooks even when the low-resolution phase shifters are used.
I. INTRODUCTION
The upcoming 5G cellular networks will be key systems to satisfy the need of the significant growth in mobile data traffic in the near future, for which millimeter wave (mmWave) communications and massive multipleinput multiple-output (MIMO) techniques are incorporated together [1] - [4] . On one hand, the main benefit of mmWave communications is the larger spectral channel, which means higher data rates. On the other hand, because of the small physical size of antennas at mmWave frequencies, largescale antenna arrays can be integrated into transceivers to achieve a reasonable signal-to-noise ratio (SNR). Furthermore, mmWave MIMO techniques also can transmit multiple data streams simultaneously due to scattering clusters of mmWave massive MIMO channels [5] , [6] . Now, commercial mmWave communications have already been standardized in indoor and fixed outdoor wireless systems [7] - [9] , which can provide gigabit-per-second data rates. In summary, mmWave massive MIMO techniques have been established as core solutions to enable 5G wireless systems.
Hybrid precoding is a promising technique for mmWave MIMO communications, where the precoding process is accomplished successively in the digital and analog domains [5] , [10] . For traditional MIMO systems at lower frequencies (e.g., 2-3 GHz), a precoder is typically designed at baseband using fully digital signal processing, and the number of radio frequency (RF) chains is comparable to that of the antenna elements. If adopting the digital precoding for mmWave massive MIMO systems, a large number of mmWave mixed-signal devices will bring the high hardware cost and power consumption, which is challenging for practical systems. Hybrid precoding architecture can overcome this obstacle without obvious performance loss, and requires a small number of RF chains compared to that of the antenna elements, which interface between a digital precoder and an analog precoder implemented using a network of analog phase shifters (APSs).
Hybrid precoding techniques in mmWave communication systems are extensively studied and the existing precoding schemes can be divided into two categories. In the first category, many iterative searching strategies are proposed to solve the achievable rate optimization problem in [11] - [13] . The algorithms are generally applicable to any channel models, so they cannot fully capture the effect of limited scattering and large-scale arrays in mmWave MIMO systems. In the second category, the work in [14] - [17] further proposes low-complexity precoding solutions by the joint treatment of practical hardware architectures and realistic channel models. The work in [14] shows simple beam steering solution is suboptimal for mmWave massive MIMO channel in very poor scattering environments. In [15] and [16] , the hybrid precoders design problem is further formulated as a sparse approximation problem and spatially sparse precoding algorithms are presented based on the orthogonal matching pursuit (OMP) algorithm [18] . The analog codebook is composed of array response vectors in [15] and [16] . When considering that the components required for realizing accurate phase shifters can be expensive, Seleem et al. [17] present that Hadamard matrices with low resolution phase shifters can be used as analog codebooks. Compared with the first category of algorithms, the second category is suitable for frequency division duplex (FDD) systems, in which the transmitter generally obtains the channel state information (CSI) via limited feedback [19] . However, the analog codebook designs in [15] - [17] are not suitable for the practical scenario in which both the resolution of APSs and the codebook size are set arbitrarily. Additionally, analog and digital codebooks are designed separately in [15] , which didn't exploit their relation caused by the limited number of scattering clusters with low angular spreads of the mmWave massive MIMO channel.
In this paper, we focus on the quantization problem of the hybrid precoders in single-user FDD systems. Different from the work in [14] - [17] , we fully exploit the relation between analog and digital precoders to jointly design the quantization strategy. The main contributions of the paper can be summarized as follows: (1) We show that the sparsescattering structure of mmWave channels results in a hidden joint sparsity of the optimal precoders for all data streams, which can be exploited to design the hybrid precoders more suitable to be quantized efficiently. (2) Inspired by dictionary learning algorithms, the analog and digital codebooks design is formulated as a joint optimization problem. For solving the problem, we propose an iteration algorithm to obtain the enhanced codebooks. (3) For obtaining better quantization performance, a joint orthogonal matching pursuit-based precoding algorithm is proposed as the pursuit method for the proposed codebooks design algorithm.
The rest of the paper is organized as follows. In Section 2, the mmWave channel and hybrid precoding system models are presented, and the quantization and feedback problems of hybrid precoders are described. In Section 3, the proposed joint codebooks design and hybrid precoding algorithm are analyzed in detail. In Section 4, simulation results are presented and discussed. Finally, in Section 5, the conclusions are drawn. This paper uses following notations: A and a stand for a matrix and a column, respectively; n : m stands for the vector [n, n + 1, n + 2, . . . , m]; The transpose and conjugate transpose of A are represented by A T and A H ; A † is the Moore-Penrose pseudo inverse of A; det(A) and A F denote the determinant and the Frobenius norm of A; |a| represents the cardinality of a; diag(A) is a vector formed by the diagonal elements of A; A(:, l), A(l, :) and a(l) denote the lth column vector of A, the lth row vector of A, lth entry of a; [A, B] denotes horizontal concatenation; x rounds x to the nearest integer towards minus infinity; 1 \ 2 is a set formed by collecting the elements that belong to 1 but not to 2 .
II. SYSTEM MODEL AND PROBLEM FORMULATION
A. HYBRID PRECODING SYSTEM MODEL Consider a single-user mmWave massive MIMO system with the fully-connected architecture equipped with a uniform linear array (ULA) configuration as shown in Fig. 1 
where ρ is the average received power, H is the N r × N t channel matrix, and n is the complex Gaussian noise vector with the independent and identical distribution CN (0, σ 2 n ) entries.
Because of the scattering geometry varying fast, the extended Saleh-Valenzuela model [15] , [20] , [21] is widely adopted for mmWave MIMO channels, so the discrete-time narrowband channel can be written as
where α il is the complex gain of the lth ray in the ith cluster following the complex Gaussian distribution CN (0, σ 2 α,i ) and
, and N cl and N ray represent the number of clusters and the number of rays in each cluster. In addition a t (φ t il ) and a r (φ r il ) are the antenna array response vectors at the transmitter and receiver at azimuth angles of departure and arrival (AoDs and AoAs) for the lth ray in the ith cluster, which are given by
where k = 2π λ, d is the inter-element spacing. We assume that the inter-element spacing is equal to half-wavelength [15] - [17] . In this paper, the Laplacian distribution with uniformly distributed mean angles of φ i over [0, 2π ) and angular spread σ φ , is adopted for the random variables AoDs and AoAs.
B. DESIGN OF THE HYBRID PRECODERS AND QUANTIZATION STRATEGY
The problem to maximize the spectral efficiency of the studied system involves a joint optimization over the hybrid precoders and combiners, which is shown clearly in [15] .
To simplify the design, the above problem can be decoupled by focusing on the design of the hybrid precoders. Therefore, when assuming Gaussian signalling the achievable spectral efficiency can be expressed as
Ayach et al. [15] proved that maximizing the spectral efficiency is equivalent to minimizing the Euclidean distance between the hybrid precoders and the optimal unconstrained precoder, when adopting a high effective-SNR approximation. Therefore, the hybrid precoders design problem can be formulated as the following problem arg min
where F opt stands for the optimal unconstrained precoder, and can be written as F opt = V(:, 1 : N s ) by calculating the ordered singular value decomposition (SVD) of the channel matrix such that H = U V H . Additionally, F RF is the feasible set with all constant modulus entries. If q-bit resolution phase shifters are used, i.e., N φ = 2 q is the number of phase angles that can be realized, F RF can be given by F RF = {1, ω, ω 2 , . . . , ω N φ −1 } and ω = e j2π N φ . In FDD systems, F RF and F BB are needed to be quantized and fed back for hybrid precoding techniques. Moreover, the design of appropriate codebooks is an important factor for obtaining better performance [19] . Ayach et al. [15] showed that as a suboptimal solution, the columns of F RF are composed of N RF t array response vectors, which can be quantized by quantizing the azimuth angels respectively. Moreover, this F RF quantization method needs the number of phase shifters in proportion to the number of antenna elements. In the meantime, it is pointed out that F BB is approximately unitary in [12] and [15] and can be quantized on the Grassmann manifold [22] , [23] . In [17] , Hadamard codebooks with low resolution phase shifters are proposed as analog codebooks, while the codebook size must be N t . In this paper, we further exploit the characteristics of mmWave massive MIMO channels to optimize average performance by efficiently quantizing the analog and digital precoders in limited feedback systems.
III. JOINT QUANTIZATION DESIGN OF THE HYBRID PRECODERS
In this section, we propose a joint codebooks design method based on dictionary training algorithms. Moreover, the joint orthogonal matching pursuit-based precoding algorithm is proposed by considering the relation between analog and digital precoders.
A. JOINT CODEBOOKS DESIGN BASED ON DICTIONARY LEARNING
In this work, the analog and digital codebooks can be denoted by separately. The total number of the feedback bits required to quantize the hybrid precoders is given by B = N RF t log 2 (N 1 )+ log 2 (N 2 ). If the analog codebook matrix is denoted by
], the optimization problem (5) can be rewritten as arg min
is a sparsity constrain so thatF BB cannot have more than N RF t non-zero rows. With considering the optimal codebook is determined by the wide range of practical channel conditions, we can offline generate a number of channels according to (2) called channel samples, so the analog codebook design can be solved by formulating an optimization problem as arg min
where N tr is the number of generated channel samples, and F opt (i) stands for the optimal unconstrained precoder for the ith channel sample. To the best of the authors' knowledge, there are no general approaches to solve (7) with the nonconvex constraints F A (m, n) ∈ F RF . Inspired by dictionary learning mechanism [24] - [26] , we present an iterative algorithm to obtain a local optimal solution for the analog codebook. Moreover, N tr digital precoder matrixes can be obtained after the process of the analog codebook design, which can be treated as a training dataset for generating the digital codebook using Lloyd's algorithm [27] . The pseudocode for the proposed joint codebooks design is given in the following Algorithm 1. Algorithm 1 includes of three major steps. In Step 1, the training dataset is generated offline according to the channel model in (2). In Step 2, all the codewords are updated one by one in each iteration process, so that the analog codebook is gradually optimized to minimize the objective function of (7). In view of the characters of mmWave MIMO channels, the initial analog codebook is composed of array response vectors, whose azimuth angles are uniformly distributed in [0, 2π ) [15] , [16] . By using the initial analog codebook, not only the convergence rate of the proposed algorithm can be increased, but also the relation between the analog and digital precoders remains invariable. In Step 2.A, any hybrid precoding algorithm can be selected such as the OMP-based hybrid precoding. However, the relation between the analog 2), . . . , a t (2π)], and then repeat the following procedures until convergence.
• A. ComputeF BB (i) for each sample F opt (i) by using the proposed precoding algorithm as a pursuit method to solve arg min -Compute the restricted matrix E R n = E n n and X R (n, :) = X(n, :) n .
-Update each entry of the codeword F A (:, n) bỹ
, ∀k ∈ {1, 2, . . . , N t }, and then update X(n, :) by assigning F A (:, n) H E R n to the sub vector formed by collecting entries whose indices belong to ω n .
•Step 3. (Digital codebook design)
• A. Generate a training dataset {F BB (1), F BB (2), . . . , F BB (N tr )}, where F BB (i) is formed by collecting N RF t rows of X(:, (i − 1)N s + 1 : iN s ) whose entries are nonzero, ∀i ∈ {1, 2, . . . , N tr }.
• B. Generate the digital codebook
} of size N 2 using Lloyd's algorithm.
} by projecting onto a unitary matrix based on Procrustes orthonormalization [28] , i.e., F D i = UV H where U and V are left and right unitary matrices defined by the singular value decomposition ofF D i .
and digital precoders has not been fully exploited in [15] , so we propose a novel hybrid precoding algorithm described in the section III-B. In Step 2.B, the analog codebook and the coefficient matrix are updated in the current iteration. Since the contribution of a codeword to the objective function of (7) VOLUME 6, 2018
is independent from those of the other codewords, we can update all the codewords and relevant coefficients sequentially similar to the K-SVD algorithm [24] . Considering the update of one codeword F A (:, n), the objective function can be written as
where
n and n is a matrix of size (N s N tr ) × |ω n | with ones on the (ω n (k), k)th entries and zeros elsewhere. E R n , called the restricted matrix, stands for the representation error when the nth codeword is removed and the same sparsity constraint is satisfied. Therefore, the codewordF A (:, n) design problem can be reformulated as the following subproblem: arg miñ
There exists a closed-form solution for the above subproblem, which can be given bỹ
where the function Q( • ) quantizes a complex variable to the nearest element in the set F RF . In the meantime, each row of the coefficient matrix X is updated based on the least square approach. After the analog codebook is generated, we can construct a training dataset on which an enhanced digital codebook is designed using Lloyd's algorithm adopting the chordal distance as a distance measure [22] , [23] .
From the whole process of Algorithm 1, the analog and digital codebooks design is formulated as a joint optimization problem, in which the analog and digital codebooks are jointly designed based on dictionary learning algorithms.
B. JOINT ORTHOGONAL MATCHING PURSUIT-BASED PRECODING ALGORITHM
In Algorithm 1, the sparse precoding process is a key step, by which the hybrid precoders can be jointly designed to achieve better quantization performance in limited feedback systems. In order to fully exploit the relation between the analog and digital precoders, we firstly show the following observations:
• 1) The optimal precoder F opt is related to the array response vectors a t (φ t il ) according to the channel model in (2) , and can be approximatively written as linear combinations of the N RF t vectors selected from all vectors a t (φ t il ), ∀i, l. • 2) The optimal hybrid precoding can be realized using beam steering as the number of antenna elements tends to infinity (N t , N r → ∞) and the number of paths in the channel is N cl N ray = o(min (N r , N t ) ).
The above observations have been proved in [15] based on mmWave massive MIMO channels model in (2) . Based on the observation 1), it is a good selection for the initial analog codebook composed of array response vectors in Algorithm 1. The observation 2) indicates the optimal precoders for all data streams are jointly sparse in the codebook composed of array response vectors in the limit of large antenna arrays. Even for practical arrays (32 to 256 elements are common) [5] , the observation 2) leads to the fact that the columns of the precoder F opt have strong projections along the different array response vectors with high probability. In other words, the entries of the digital precoder matrix can be efficiently arranged to achieve better quantization performance by the joint design of analog and digital precoders. In order to quantizeF BB and F RF efficiently, we further formulate the hybrid precoding problem in (6) as arg min
where F A of size N t × N 1 is the analog codebook, and is the index set according to
The problem in (12) is similar to the structured sparse signals recovery problem, which is different from the problem in (6) also known as the simultaneously sparse approximation problem [29] , [30] . The works in [31] and [32] have proposed many algorithms to solve this kind of problem. However, these algorithms in [31] and [32] require threshold parameters in advance, which are related to the signal model and not easy to available in this paper. Inspired by [29] - [32] , we propose a joint orthogonal matching pursuit algorithm-based hybrid precoding algorithm to solve the problem in (12) , which is given in the following Algorithm 2.
Algorithm 2 consists of three major stages. The common and individual supports are identified respectively in Step 2 and Step 3. In each iteration of Step 2, a column index m of F A is selected to update the common support if satisfying arg max •Step 4. ((Return F RF and F BB ) F RF = F A (:, );
where n 0 = arg max( R(m, n) F ), i.e., more than one column of F opt has strong projection along the mth codeword of F A . In Step 3, each column of F opt respectively applies the OMP algorithm to identify the individual support. The digital precoders are obtained using the least square approach and satisfying the transmit power constraint in Step 4. It is worth noting that the proposed joint codebooks design fully exploits the relation between the analog and digital precoders in the process of the sparse precoding, so the joint utilization of the proposed hybrid precoding algorithm and the codebooks generated by Algorithm 1 is a prerequisite for further performance improvement.
IV. SIMULATION RESULTS AND DISCUSSION
In this section, we provide the simulation results to evaluate the performance of the proposed hybrid precoding algorithm and the codebooks in various system settings. We adopt the system architecture presented in Fig. 1 and the narrowband clustered channel modal in (2) with N cl = 4 clusters and N ray = 20 propagation paths per cluster. We assume that the inter-element spacing d is equal to half-wavelength. We set σ 2 α,i = σ 2 α , ∀i, and σ φ t = σ φ r , i.e., all clusters with equal power and the azimuth angular spreads of AoDs and AoAs. The same total power constraint is enforced for all precoders with equal power allocation per stream, and the signal to noise ratio is given by SNR = ρ σ 2 n . For simplicity, the sizes of the analog and digital codebooks are set to be N 1 = 64, N 2 = N t .
A. PERFORMANCE EVALUATION OF THE PROPOSED JOINTLY SPARSE PRECODING
In the subsection, we only evaluate the performance of the proposed hybrid precoding (HP) and the analog codebook is created based on uniformly quantized azimuth angles, i.e., F A = a t (
2), . . . , a t (2π ) [15] . The results are shown in Fig. 2 and Fig. 3 for two cases N t × N r = 256 × 128, N t × N r = 64 × 32 when N RF t = 8 and N s = 3. Fig. 2 shows that the spectral efficiency achieved by the different precoding schemes for different SNR values. Fig. 3 shows the spectral efficiency for various angular spreads of the channel clusters at SNR = 0 dB. Fig. 2 and Fig. 3 indicate that our proposed HP can achieve spectral efficiencies very close to those by the OMP-based hybrid precoding for all the systems settings. 
B. PERFORMANCE EVALUATION OF THE PROPOSED CODEBOOKS
In the subsection, we evaluate the performance of the proposed codebooks in Algorithm 1 in limited feedback systems. For the OMP-based HP in [15] , the Grassmannian codebook [15] , [33] is used to quantize the digital precoder and the analog codebook is given by
2), . . . , a t (2π ) . Firstly, Fig. 4 plots the spectral efficiency versus SNR by the OMP-based HP and the proposed HP with different number of bits resolution phase shifters in the same MIMO systems as those described in the Section IV-A. The results in Fig. 4 indicate the proposed HP can achieve the better performance than the OMP-based HP when q 2. Moreover, the performance with 3-bit resolution phase shifters for the proposed HP is very close to that with infinite resolution phase shifters.
In the next simulations, we further evaluate the spectral efficiency as a function of the angular spread of the channel clusters or the number of RF chains. In Fig. 5 , we consider the same MIMO systems as those described in the Section IV-A with 3-bit resolution phase shifters. Fig. 5 indicates that the proposed HP can achieve the better spectral efficiency than the OMP-based HP for the whole range of the angle spread in two different cases: without and with F BB quantization, which show that both the proposed analog codebook and digital codebook have better quantization performance than those of [15] . In Fig. 6 , we consider an N t × N r = 128 × 64 MIMO system with 3-bit resolution phase shifters, N s ∈ {2, 3} and N RF t ∈ {4, 6, 8, 10, 12}. Fig. 6 shows that the spectral efficiency of the proposed HP using the proposed codebooks is better than that of the OMP-based HP for all the range of N RF t . Moreover, there is a spectral efficiency gap between the proposed HP and the OMP-based HP, and the gap increases with an increase of the number of RF chains, which indicates the fact that the joint sparsity tendency of the optimal precoders for all data streams will strengthen as the number of RF chain increases.
V. CONCLUSION
This paper focuses on the quantization problem of the hybrid precoders in FDD massive MIMO systems at mmWave frequency bands. The main innovation in our work is fully exploiting the relation between analog and digital precoders to jointly design the quantization codebooks and the hybrid precoding algorithm. The proposed codebooks design algorithm can create analog codebooks with arbitrary-resolution analog phase shifters, which are more suitable for practical systems. We proposed the joint orthogonal matching pursuitbased hybrid precoding algorithm to find the analog and digital precoders, which can be jointly quantized more effectively. It is worth noting that the proposed codebooks design and hybrid precoding algorithms can be extended to other antenna configurations such as uniform planar arrays, for which the initial analog codebook in Algorithm 1 needs to be reset. The numerical simulation results show the better performance can be achieved than the existing algorithms when the proposed hybrid precoding algorithm and codebooks are jointly utilized.
